Crystallization of membrane proteins in magnetic fields is thought to reveal the magnetic orientations of crystals, and is expected to enhance crystal quality for X-ray crystallographic analysis.
Introduction
The production of high-quality single crystals is still one of the most significant hurdles to determining a high-resolution protein structure. Therefore, protein crystallographers have made continuous efforts to grow well-ordered crystal by using all available means of controlling biological, chemical, and physical factors such as protein purity, redox states, and microgravity in space. Crystallization in high magnetic fields is thought to be an effective method of enhancing crystal quality, as reviewed by Sazaki [1] . The most remarkable observation of crystallization under high magnetic fields is that the certain crystallographic axis of the crystals was aligned parallel to the magnetic field direction [2, 3, 4, 5] . In many cases, the resolution limit, mosaicity, overall B-factor, and other aspects of the quality of oriented crystals have been improved [6, 7] . The orientation of crystals occurs in both static and gradient magnetic fields. In gradient magnetic fields, diamagnetic waters and protein molecules receive a magnetic force and the upward magnetic force can suppress the natural convection due to gravity [8] . Therefore, crystallization under the gradient magnetic fields (magnetic force fields) provides additional favorable effects for protein crystals because the relatively slow supply rate of protein molecules could improve quality by decreasing the undesired impurity uptake during crystal growth [8, 9] .
The mechanism underlying the magnetic orientation of protein crystals has not yet been fully understood. The diamagnetic anisotropy of a protein molecule due to the contribution of the planar peptide bonds and aromatic residues has been proposed [10] .
In an α-helix structure, the peptide bond planes form an axial arrangement, hence all the peptide bond planes are oriented parallel to the helix axis. In a β-sheet structure, the peptide bond planes are also oriented almost parallel to the pleat structure. Therefore, 4 both of the secondary structures of a protein molecule exhibit some diamagnetic anisotropy. It has been suggested that, if most of the secondary structures are arranged in a specific direction in a molecule, the crystal should be oriented parallel to the magnetic field. Membrane proteins are one of the most challenging targets for crystallization because of their amphipathic nature. On the other hand, most membrane proteins possess well-oriented α-helices or β-strands of a β-barrel structure in the transmembrane region. Thus, membrane proteins are expected to exhibit large diamagnetic anisotropy, and crystallization in magnetic fields is expected to provide an advantage for enhancing crystal quality when molecular arrangement is tandemly aligned [1] .
In this paper, we report the first observation of the magnetic orientation of the crystals of a membrane protein, the light-harvesting complex 2 (LH2), from a thermophilic photosynthetic bacterium, Thermochromatium tepidum.
LH2 is composed of transmembrane α-helices [11] , which are thought to form a ring structure aligned perpendicular to the membrane, because the crystal structures of the bacterial LH2 homologues reveal 8-or 9-fold ring structures [12, 13] . This completely aligned α-helical structure is an ideal model for evaluation of the effects of high magnetic force fields or high magnetic fields on crystallization of membrane protein molecules. X-ray diffraction experiments indicated that the helix axes in the crystals were aligned parallel to the magnetic field direction. The crystal qualities were evaluated both for crystals obtained in high magnetic force fields and those obtained under a control condition.
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Materials and Methods
Purification
T. tepidum was grown under luminescent conditions according to published procedures [14] . The cells were disrupted by sonication, and the intracytoplasmic membranes of T. tepidum were harvested and resuspended in 20 mM Tris-HCl pH 7. 
Crystallization
An environment having both a high magnetic field and a steep field gradient was (w/v) polyethylene glycol monomethyl ether (PEG MME) 550, 100 mM MES-NaOH (pH 6.4), and 10 mM zinc sulfate.
Data collection
Prior to data collection, the crystals were transferred to the solution, with the concentration increasing stepwise to a final concentration of 30% (v/v) of PEG MME 550. The crystals were then flash-frozen under a nitrogen gas stream at -183 °C.
X-ray diffraction experiments were performed at Beamlines BL41XU, SPring-8, and BL-1A, KEK-PF. The data were processed and scaled using the HKL2000 package [15] and truncated by the CCP4 program suite [16] . Self-rotation functions were calculated using MOLREP [17] . The statistics for data collection are summarized in Table 1 . with static or gradient magnetic fields, as was a magnetic orientation of the crystals [5, 9, 18] . The observations of our crystallization experiment suggest that the crystal orientation, which is probably due to the magnetic fields, is the major effect on the crystallization of LH2. An additional, minor effect is the suppression of the nuclei of the platelike crystals, which is probably due to the reduced convection by the magnetic force from the gradient magnetic fields.
X-ray diffraction data were collected from crystals obtained in both the magnetic and control conditions (Table 1) . We used the crystals from different lots of purified LH2 using DDM (magnet I and control I) or DM (magnet II, III, control II, and III) as a detergent. The maximum resolution of 7.8 Å were obtained both the crystals from the 8 magnetic and control conditions. However, all the crystals obtained under the magnetic condition show lower overall R values and mosaicity ranges, except the mosaicity range of the crystal of control II, which show slight a lower range than that of the magnet III, whereas the crystal of control II show worst overall R value. These facts indicate that the differences of the overall R value and mosaicity range are statistically significant. In addition, the lower mosaicity ranges of the crystals of the magnetic condition are reproduced despite the different lots of the protein samples and crystallization experiments. These facts confirm that the freezing processes did not affect the mosaicity or the crystal quality. Thus the quality of the LH2 crystals obtained in the magnetic force fields, especially for the magnetically oriented crystals, could be improved. It has been proposed that magnetic orientation occurs when the protein molecules have been organized to a microcrystal, because the magnetic susceptibility of a protein molecule is too small to overcome the thermal energy in a solution [19] . The magnetic orientation of the microcrystals is thought to help reduce the mosaicity of crystals [1] . Because the α-helical ring structure of LH2 offers the possibilities of an advantage for the diamagnetic anisotropy of the microcrystal, the improvement in the mosaicity of magnetically oriented crystals may have become marked, and thus may have resulted in the improvement in the overall R value.
The resolution in this study is not yet high enough to determine the molecular structure, but it is sufficient to estimate the orientation of LH2 molecules in the crystal.
A self-rotation function of the LH2 crystal indicated that there is a lot of noncrystallographic twofold symmetry in the all-around a*c* plane perpendicular to the crystal b axis (Figure 2 ). In addition, noncrystallographic 3-and 4-fold symmetries are observed almost parallel to the crystal b axis. These observations strongly indicate 9 that LH2 forms a ring structure composed of aligned transmembrane α-helices as the crystal structures of the LH2 homologues [12, 13] , and that the helix axes of LH2 were oriented parallel to the crystal b axis in the crystal. The orientation of the mounted crystal in the diffraction experiment and the patterns of diffraction spots together confirmed that the crystal b axis is parallel to the longest edge of the crystal, which was aligned parallel to the magnetic field direction. Thus, we concluded that the helix axes of LH2 were parallel to the magnetic field direction in the crystals of the magnetic condition. This is the first observation of a magnetic orientation of the membrane protein crystals as well as of an aligned helix-rich structure that is indeed oriented parallel to the magnetic field direction. Most membrane proteins possess a helix bundle or a β-barrel structure; both of these are thought to exhibit large diamagnetic anisotropy in the transmembrane region. Our findings strongly suggest that, in most cases, crystals of a membrane protein could be oriented in the magnetic field, and that the oriented crystals could exhibit an enhanced crystal quality if the molecular arrangement in a unit cell is a favorable environment for the diamagnetic anisotropy. 
